The mechanisms by which the p53 tumour suppressor protein would, in vivo, co-ordinate the adaptive response to genotoxic stress is poorly understood. p53 has been shown to transactivate several genes that could be involved in two main cellular responses, growth arrest and apoptosis. To get further insight into the tissuespeci®c regulation of p53 transcriptional activity, we performed an extensive study looking at the expression of four well characterized p53-responsive genes, before and after g-irradiation in p53 wild-type (p53+/+) and p53-de®cient (p537/7) mice. The waf1, bax, fas and mdm2 genes were chosen for their dierent potential roles in the cellular response to stress. Our data demonstrate the strict p53-dependence of mRNA upregulation for bax, fas and mdm2 in irradiated tissues and con®rm such ®ndings for waf1. They further highlight complex levels of regulatory mechanisms that could lead, in vivo, to selective transcriptional activation of genes by p53. In addition, our results provide arguments for the involvement of p53 in the basal mRNA expression of the four genes in some organs. Finally, in situ expression of Bax and p21Waf-1 protein suggests, at least in lymphoid organs, a direct correlation between selective p53-target gene expression and a particular response of a cell to ionising radiation.
Introduction
The wild-type p53 protein plays a central role in reducing the probability of a cell becoming cancerous and is considered as a real guardian of the genome (Gottlieb and Oren, 1996) . This concept is supported by the fact that loss of p53 functions by genetic alterations represents the most common genetic lesions in human cancers, occurring in over than 50% of all the tumours (Hollstein et al., 1991) and by the high incidence of spontaneous cancers arising in p53 knockout mice (Donehower et al., 1992) .
In normal conditions, the p53 protein is expressed at very low levels in cells, with a rapid turnover and most of it is believed to be in a latent conformation. The best known inducer of p53 is DNA-damage caused by a variety of agents such as ionising and UV radiation or chemical carcinogens although other signals including hypoxia, nucleotide depletion or oncogene imbalance, can have similar eects. Upon genotoxic insult, a rapid stabilization of the p53 protein and its activation will lead to cell cycle arrest or cell death by apoptosis. These two responses to p53 are thought to have an essential role in the protection of the genome from the consequences of DNA-damage, cell cycle arrest allowing DNA repair and apoptosis de®nitively removing damaged cells from the replicative pool (for review see Gottlieb and Oren 1996; Ko and Prives, 1996) .
These eects of p53 could at least be partially explained by the best characterized biochemical function of p53: its ability to act as a sequence-speci®c transcription factor. Transcriptional activation by p53 is dependent on the presence of speci®c recognition of DNA sequences containing a minimum of two decamere motifs (Bargonetti et al., 1991; Bourdon et al., 1997; el-Deiry et al., 1992; Funk et al., 1992; Kern et al., 1991) . p53 is also capable of repressing transcription (Ginsberg et al., 1991; Jackson et al., 1993; Murphy et al., 1996; Santhanam et al., 1991) .
A number of p53 target genes containing p53-responsive elements have been identi®ed. Among them, the waf1/p21/cip-1 gene whose product binds to and inactivates cyclin-dependent kinase complexes, has been demonstrated to be the direct p53-target gene responsible for the p53-dependent cell-cycle arrest in G1 (Dulic et al., 1994; el-Deiry et al., 1993; Gu and Roeder, 1997; Harper et al., 1993; Xiong et al., 1993) . The mdm2 gene encodes a protein whose binding to p53 inhibits its transactivation function and negatively regulates its stability in cells (Bottger et al., 1997; Haupt et al., 1997; Kubbutat et al., 1999; Kussie et al., 1996; Momand et al., 1992) . The mdm2 gene is also a transcriptional target of p53 (Barak et al., 1993 (Barak et al., , 1994 . Thus, p53 increases Mdm2 expression while Mdm2 suppresses p53 activity, creating a autoregulatory feedback loop.
Transactivation by p53 has been demonstrated to be dispensable for inducing apoptosis in some cell types (Caelles et al., 1994; Chen et al., 1996; Haupt et al., 1995) . However, at least two genes, bax and fas, having an important role in apoptosis are directly transactivated by p53 Muller et al., 1998) (Munsch et al., in press) and might be potential downstream eectors of p53-dependent apoptosis. The Bax protein is a member of the Bcl-2 family comprising both antagonists and agonists that regulate apoptosis. Bax can promote apoptosis through induction of cytochrome c release from the mitochondria . Bax expression has been shown to be increased in several mice tissues and especially in radiosensitive tissues undergoing apoptosis following girradiation (Kitada et al., 1996) . Fas/APO1/CD95 is a cell surface protein member of the tumor necrosis factor receptor superfamily. The involvement of Fas in antigen-speci®c apoptosis during immune response is well documented (Nagata and Golstein, 1995; Van Parijs and Abbas, 1996; Walker et al., 1997) . Interestingly, its expression was recently shown to be increased on normal lymphocytes exposed to ionising radiation (Kobayashi et al., 1998; Reap et al., 1997) leading to the hypothesis that Fas might also be involved in p53-dependent apoptosis following genotoxic stress. The implication of these p53-responsive genes in the cellular response to genotoxic stress in vivo is however still to be demonstrated.
Most of the work concerning the regulation of p53 functions following genotoxic stress, come from studies performed in culture, more often on immortalized cell lines. These reports demonstrated divergence of responses depending on stress, cell type, cell state and underlined the necessity of in vivo studies, to further understand the mechanisms regulating p53 activities in response to stress in normal cells, in their natural environment.
In an attempt to analyse, in vivo, the transcriptional activity of p53, three groups (Gottlieb et al., 1997; Komarova et al., 1997; MacCallum et al., 1996) had generated transgenic mice harbouring a LacZ reporter under a p53-responsive promoter. Their data revealed a complex pattern of regulation of p53 stabilization and transcriptional activity, depending on the organ considered, following g-irradiation of the adult mice. The dierent responses to ionising radiations observed, in vivo, could re¯ect a broad range of tissue and cell speci®c post-translational regulation of p53, as suggested by several in vitro studies. These regulations might involve phosphorylation, acetylation, O-glycosylation that might lead to changes of the p53 protein conformation, that would in turn in¯uence its stabilization, activation and interactions with other proteins or co-factors (for review see Prives and Hall, 1999) . Such p53 modi®ca-tions might also lead to a selective induction of the expression of particular sets of p53-responsive genes as proposed by studies describing p53 mutants which retain the ability to induce cell cycle arrest but fail to activate apoptosis (Friedlander et al., 1996; Ludwig et al., 1996; Munsch et al., in press) .
The aim of the present study was to investigate if such selective gene induction by p53 exists, in vivo, that might in¯uence the decision of a cell to respond to stress by growth arrest or by apoptosis. In order to tackle this question, we undertook an extensive study looking at the in vivo expression of four wellestablished p53 responsive genes in mice. Using p53 wild-type (+/+) and p53 knock-out (7/7) mice, the transcriptional expression of the waf1, bax, fas and mdm2 genes, was analysed before and after exposure to ionising radiation in several tissues known to respond dierently to such stress. The in¯uence of the p53 status on their basal levels of expression in the dierent tissues, was also investigated. Furthermore, the patterns of the p21/Waf-1 and the Bax protein expression before and following irradiation were characterized and compared by immunohistochemistry.
Results
Basal expression of p21, bax, mdm2 and fas mRNA in mouse organs
The basal levels of mRNA expression of the four p53-responsive genes was examined by Northern blot using total mRNA extracted from dierent organs from p53-wt mice. Representative Northern blots are presented in Figure 1A . It is clear from this ®gure that the basal levels of mRNA expression for a given gene are dependent on the tissue type.
In normal animals, waf1 is strongly expressed in small intestine (duodenum), lung and heart, while it is hardly detectable in spleen, liver and kidney. The quite elevated waf1 mRNA level observed in the heart from all wt mice tested, is in contrast with previous published data (Macleod et al., 1995) .
The basal expression of bax was detected using the full length bax a cDNA as probe. This probe can detect two major alternative spliced transcripts of the bax gene (Oltvai et al., 1993) . A 1.5 kb RNA would potentially encode for a 24 kd Baxb molecule lacking the transmembrane domain whose existence has not been proven yet. The 1.0 kb RNA mainly corresponds to the bax a spliced form that encodes for the 21 kd Bax a protein that can heterodimerize with the anti-apoptotic Bcl-2 protein.
Only the bax a form will be considered for mRNA level quanti®cation. The bax gene is widely expressed in all the organs studied. Like waf1, bax expression is very strong in the lung. But unlike waf1, bax is highly detected in the spleen. The fas basal mRNA expression is very strong in thymus and in lung. There is a moderate expression in heart, intestine, kidney, spleen and liver. Interestingly, fas is the only one of the four genes studied whose basal mRNA expression is not detectable in the brain. The mdm2 basal mRNA expression appears relatively moderate in all the organs studied, in agreement with previous ®ndings (Montes de Oca Luna et al., 1995) .
In order to answer the question whether p53 has an in¯uence on the basal expression of these genes in the absence of genotoxic stress, their expression in wild type mouse was compared to the one in p53-null animals. In this study more than four dierent animals were used for each point. The ratios of p21, bax, mdm2 and fas expression in wt mice's organs over their expression in p53-null animals are presented in Figure 1B .
For some organs, the basal expression of the four genes, is slightly higher in wild type animals than in p53 knock-out mice. It is particularly true for the two lymphoid organs, spleen and thymus. By contrast, in lung, in which the steady state levels of the four genes are quite high in wild type animals, they seem to be lower in the wt animals than in knock-out mice.
Expression of waf1, bax, fas and mdm2 mRNA in mice organs following ionising irradiation In order to identify a possible correlation between selective induction of sets of p53 target genes and tissue-speci®c responses to irradiation, in vivo, the Tissue and cell-specific expression of the p53-target genes V Bouvard et al mRNA expression of waf1, bax, fas and mdm2, in mouse organs from irradiated p53 wild type and null mice, was analysed by Northern blot. Eight organs have been chosen on the basis of their previously described dierent responses to ionising radiations: spleen, thymus and small intestine as very radiosensitive ones, heart, kidney and lung as intermediate types and brain and liver as radioresistant organs. Data presented in Figure 2 are representative of what was obtained in a minimum of ®ve dierent animals per point. These results show the induction of bax, fas, mdm2 and waf1 genes expression, in several tissues from irradiated p53-wt mice. This p53-dependent induction can be detected as early as 3 h postirradiation. By contrast, for all the four genes, no mRNA up-regulation is observed in irradiated p53-de®cient mice.
Of great interest, are also the dierences observed in mRNA induction, depending on the gene and depending on the organ considered: (i) In a same organ, a dierence in the rate of transcript induction can be observed depending on the gene. In the thymus, for instance, waf1 is very highly induced after irradiation, bax is also strongly induced although to a lesser extent, while fas is only slightly up-regulated and ®nally the mdm2 mRNA induction is very weak; (ii) For a same Figure 1 Basal mRNA expression of waf1, bax, fas and mdm2 in mouse organs. (A) Representative Northern blots showing the basal expression of the four genes in several p53 (+/+) mice's organs. 20 mg of total mRNA extracted from spleen, small intestine, liver, lung, heart, thymus, brain and kidney (Lane 1 ± 8 respectively), were sequentially hybridised with mdm2, waf1, fas and bax probes. As loading control are shown, Ethidium Bromide stained 28S and 18S ribosomal RNAs. (B) In order to appreciate the in¯uence of p53 on mRNA basal levels in mouse organs, this graph represents the ratio between the mean of mRNA levels in p53 (+/+) mice and the mean of mRNA levels in p53 (7/7) counterparts. Standard deviations re¯ect the results obtained with four p53 (+/+) and four p53 (7/7) animals per point. mRNA basal levels were systematically normalised with the GAPDH expression Tissue and cell-specific expression of the p53-target genes V Bouvard et al Figure 2 p53-dependent activation of waf1, bax, fas and mdm2 mRNA in mice's organs following ionising radiation. Total mRNA from several p53 (+/+) (wt) and p53 (7/7) (null) mice organs, were extracted before stress, and 3 or 6 h following exposure of the whole animals to 5 Gy g-rays. Northern blots were then sequentially hybridized with bax, mdm2, waf1, fas and GAPDH. Using a Bio-Rad GS-250 Molecular imager, mRNA levels were measured and systematically normalized with GAPDH expression. For each blot, the activation of mRNA expression following irradiation was calculated by the ratio between the normalized mRNA levels following radiation and the normalized mRNA levels before stress, for each gene, in each organ from p53-wt or null mice. The graphs represent the mean of mRNA activation obtained for ®ve dierent animals per point with their respective standard deviations Tissue and cell-specific expression of the p53-target genes V Bouvard et al gene, its p53-dependent induction can show organspeci®c dierences. For example, the induction rate of waf1 expression varies greatly from an organ to another. This gene is very highly induced in response to irradiation in the two lymphoid organs, spleen and thymus. A parallel could be drawn between the huge induction rate found in the spleen following exposure to g-rays and the barely detectable basal expression of this gene. Interestingly, waf1 is also strongly induced in the kidney, with a 8 ± 10-fold activation rate. In the small intestine where waf1 basal expression is high, only a slight induction is detected following radiation. Finally, a weak twofold induction of waf1 transcripts is also detected in heart, lung, liver and brain. Surprisingly in the two radioresistant organs, liver and brain, the weak twofold induction detected appears to be transient, early (3 h) in the liver and later (6 h) in the brain.
The bax gene transcription is highly induced in the two lymphoid organs, spleen and thymus although to a signi®cantly lesser extent than waf1. Bax expression is also up-regulated in the small intestine. Induction of bax mRNA is yet not restricted to radiosensitive organs that have been shown to undergo apoptosis following irradiation. In lung, for instance, a quite high activation of the bax gene is detected. Strikingly, bax is also slightly but reproducibly up-regulated in kidney, heart and even in the highly radioresistant liver. No signi®cant activation can be detected in the brain.
As previously reported (Owen-Schaub et al., 1995; Reap et al., 1997; Reinke and Lozano, 1997; Tamura et al., 1995) , fas mRNA expression is induced in the spleen and thymus following ionising irradiation, in a strict p53-dependent manner. Furthermore, this apoptosis promoting gene, is also up-regulated in organs such as kidney and lung. Induction of fas mRNA cannot be detected, however, in heart and liver.
A very dierent pattern of mRNA activation following irradiation, is observed for the mdm2 gene, compared to the other three. The rate of induction of its expression is relatively moderate, reaching a 2 ± 2.5-fold activation at its highest, in spleen, thymus, small intestine, kidney, lung and liver. No detectable induction is found in heart and brain. It is important to note that in most organs, the induction of mdm2 mRNA appears at the earliest time studied (3 h) and already decreases 6 h following radiation.
Immunohistochemical analysis of p21 protein distribution in mice tissues before and following ionising radiation Considering the importance of the p21/Waf1/Cip1 protein in p53-dependent response to genotoxic stress, we were interested in exploring if cell-speci®c regulation of the p21 protein expression could be demonstrated, in vivo. Using immunohistochemical staining, the in situ distribution of the cell cycle inhibitor was explored in several tissues from wild-type and p53-null mice, before and 6 h following exposure to g-rays.
The p21 protein can be detected in several tissues before irradiation. Its organ-speci®c expression is usually not very strong and mostly restricted to few cells. By the technique used, no clear dierence can be evidenced between the basal protein expression in wild type and in p53-de®cient mice (data not shown).
Following irradiation, however, particular population of cells within several tissues show a strong increase in the protein expression in p53-wt mice, while in p53-null animals, the p21 staining remains similar to what is observed before stress. Illustrations of these observations are presented in Figure 3 . In the lung, p21 nuclear staining is detected in several alveolar cells and in very occasional bronchiolar epithelial cells before stress. Following irradiation, although only a weak mRNA induction was observed, an intense nuclear staining in much numerous alveolar cells and in most epithelial cells from the bronchioles was clearly demonstrated in this organ. In heart as well, while only rare myocardiocyte nuclei are weakly stained before stress, high p21 protein levels are detected in most cells in the irradiated heart. No detectable p21 protein can be observed in the normal liver, in agreement with the poor mRNA basal expression described. But the weak transcript induction following radiation, results in a detectable moderate nuclear staining, in apparently all the hepatocytes. Striking results are obtained with the kidney. Before stress in this organ, the p21 protein is not detectable or only faintly in rare occasional epithelial cells corresponding to the weak mRNA steady state levels. Following irradiation, whereas a high transcriptional induction was demonstrated, an intense nuclear p21 staining was detected, but only in sparse epithelial cells from the renal tubules and glomerules.
Differential expression of p21 and Bax protein in lymphoid tissues following irradiation might influence cellular response to stress
The huge activation of the waf1 gene encoding for a protein involved in growth arrest, is quite surprising in both lymphoid organs whose major response to ionising radiations is massive apoptosis (Clarke et al., 1993; Lowe et al., 1993) . In order to investigate if both proteins are expressed in dierent sets of cells or together in the same cells, their expression in the two organs was analysed by immunohistochemistry.
In the thymus (Figure 4 ), in agreement with previous reports (Kitada et al., 1996; Krajewski et al., 1994) , Bax is weakly expressed in the cytoplasm of thymic epithelial cells and some thymocytes in the medulla, in p53 wt mice. Following irradiation, a strong cytoplasmic Bax staining appears in the medullary cells and in many but not all thymocytes in the cortex of wt mice. By contrast, Bax expression in p53-null mice was similar to what observed for wt mice before stress but did not change following irradiation (data not shown).
In contrast to Bax, the localization of p21 appears mostly nuclear. In the thymus, p21 can be well detected in the nucleus of some cells within the medulla, it appears hardly detectable in few thymocyte nuclei in the cortex. Following irradiation, p21 nuclear staining increases and appears in numerous cells in the cortex and in the medulla, but as described for Bax, not in all of them.
In the spleen (Figure 5 ), Bax is weakly expressed in the red pulp of both non irradiated p53 wt and null mice. Following irradiation, its expression is prevalent in lymphocytes of the white pulp, in wild type animals only. These observations are in agreement with previous reports concerning Bax protein expression
Tissue and cell-specific expression of the p53-target genes V Bouvard et al before and after ionising irradiation (Kitada et al., 1996; Krajewski et al., 1994) . In this organ, p21 basal protein expression is quite strong in the nucleus of many cells of the red pulp from non-irradiated mice, Figure 3 p53-dependent p21/Waf1 protein expression in adult tissues, 6 h following g-irradiation. p21 immunostaining is shown in liver (A,B), heart (C,D), lung (E,F) and kidney (G,H), in p53 wt (+/+) (B,D,F,H) and p53 knock-out (7/7) (A,C,E,G) mice. A weak nuclear staining is detected in most of the hepatocytes in p53 (+/+) animals (B), but not in (7/7) mice (A). p21 nuclear expression is strong in wt animals, in many myocardiocytes (D), in most cells of the bronchial epithelium and in many alveolar cells in the lung (F), in occasional cells of the renal tubules and in rare cells of the glomerules (H). Arrows indicate some p21 expressing nuclei. Bar=25 mm Tissue and cell-specific expression of the p53-target genes V Bouvard et al whereas no staining can be detected in the white lymphoid zone of the spleen. Following radiation exposure, an intense p21 nuclear staining appears in several cells from the white pulp in p53 wt mice. Furthermore, more cells in the red pulp are stained for p21 in these animals. No changes in p21 expression can be detected in the p53-null mice (data not shown). So despite their dierence in cellular localization, the patterns of expression of Bax and p21 in the thymus and in the spleen, seem quite similar, with the appearance post-irradiation of a p53-dependent speci®c induction of both proteins in cortical thymocytes, and in lymphocytes in the white pulp, respectively. When looking at higher magni®cation however, an interesting observation can be made (Figures 4 and 5) . Amongst cells in which Bax immunoreactivity can be detected following irradiation, numerous cells with apoptotic morphology including condensed chromatin and fragmented nuclei are seen, as was previously reported (Kitada et al., 1996) . In contrast, absolutely none of the cells with detectable nuclear p21 staining exhibited apoptotic morphology. It would be of interest to determine in these organs, if the expression of Bax and p21 proteins in a cell is mutually exclusive. Experi- Figure 4 Dierential expression of Bax and p21/Waf1 protein in the thymus. Bax (A,B,C) and p21 (D,E,F) immunostaining were performed in the thymus from p53 (+/+) mice, before (A,D) and 6 h following g irradiation (B,C,E,F). Bax expression appears as a brown cytoplasmic staining, p21 appears mainly localized in the nucleus. Before stress Bax is weakly expressed in some cells in the medulla (A) and p21 can be well detected in the nucleus of some cells within the medulla and is also weakly detectable in few cells in the cortex (D). Following irradiation, a strong cytoplasmic Bax staining appears mainly, in many cortical thymocytes (B). Several thymocytes within the cortex express p21/Waf1 in the nucleus (E). At higher magni®cation within the cortex, cytoplasmic Bax staining appears to co-localized with several dark blue condensed apoptotic nuclei, whereas none of the p21 expressing nuclei show such apoptotic phenotype (F). Dotted lines separate the cortex (c) and the medulla (m) in (A,D). In (F), the thick short arrow indicates a brown nucleus expressing p21/Waf1, and the long thin arrow shows apoptotic condensed nuclei, stained in blue by haematoxylin counterstaining. Bar=25 mm in A,B,D,E. Bar=10 mm in (C) and (F)
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Discussion
The results reported here prove conclusively the strict p53-dependence of mRNA up-regulation for the four genes, bax, fas, mdm2 and waf1, in vivo, following girradiation. The absence of mRNA induction, for all the genes, in all the organs studied, from p53-de®cient mice, further demonstrate the importance of p53 in the response to such stress. Our study based on the analysis of several animals con®rm previously reported ®ndings concerning waf1 (Macleod et al., 1995) . It also further supports at the transcriptional levels the p53-dependence of bax expression in vivo . Furthermore, this report provides for the ®rst time, in vivo results on the transcriptional induction of the fas and mdm2 genes following ionising radiation, in several organs.
Our data suggest also the involvement of p53 in the basal mRNA expression of its target genes in some organs. The steady state levels of expression of the four genes studied appear indeed higher, in p53-wt mice compared to their null-counterparts, mainly in lym- Figure 5 Dierential expression of Bax and p21/Waf1 protein in the spleen. Bax (A,B,C) and p21 (D,E,F) immunostaining were performed in the spleen from p53 (+/+) mice, before (A,D) and 6 h following g-irradiation (B,C,E,F). Before stress, expression of Bax and p21/Waf1 is mainly restricted to the red pulp, Bax being hardly detectable in the cytoplasm of some cells (A), and p21/ Waf1 being strongly expressed in the nuclei of several cells within this compartment (D). Following irradiation, the p53-dependent induction of Bax and p21/Waf1 protein expression is prevalent in many lymphocytes within the white pulp zone, in the cytoplasm and the nucleus respectively (B,E). At higher magni®cation within the white pulp, cytoplasmic Bax staining appears to co-localise with many dark blue condensed apoptotic nuclei (C), whereas none of the p21/Waf1 expressing nuclei show apoptotic phenotype (F). Dotted line separate white pulp (w) in the left, and red pulp (r) in the right in (A,B,D,E). Bar=25 mm in A,B,D,E. Bar=10 mm in (C) and (F)
Tissue and cell-specific expression of the p53-target genes V Bouvard et al phoid organs such as spleen and thymus. This would argue for p53 (or part of it) being constitutively transcriptionally active in these organs, and this, without its stabilization, since in the absence of genotoxic stress, the levels of the p53 protein are not detectable in these organs (MacCallum et al., 1996; Midgley et al., 1995) (and personal observation). Our data would agree with recent in vitro results of p53 dependent constitutive expression of waf1 in cell lines (Tang et al., 1998) . It is quite possible that part of p53 need to be maintained in a transcriptionally active state in particular organs such as lymphoid ones that need to respond very rapidly, essentially by p53-dependent apoptosis, to genotoxic stresses. In addition, more information concerning the regulation of the p53 transcriptional activity in vivo, could be taken from the comparison of the induction of the four genes within a same organ, and from the comparison of the expression of one gene in dierent organs after irradiation. First, in a same organ, the rate of transcript induction for each gene can be very dierent. In the thymus, for example, waf1 and bax are strongly expressed following radiation, while mdm2 induction is very weak. In this organ, most of the cells have been shown to highly express the p53 protein following irradiation. The fact that mdm2 expression is not highly induced in lymphoid organs, demonstrates that high amounts of p53 proteins will not necessarily result in high induction of all p53-responsive genes. These observations argue for the hypothesis that beside the strict levels of p53, other regulatory mechanisms must be involved in selective transactivation of its target genes. Transactivation of mdm2 by p53 has been shown, in vitro, to be dependent on the presence of p300, while this cofactor is not required for the p53-dependent activation of bax and waf1 (Thomas and White 1998). It is then possible that even in the presence of high levels of p53 protein, p300 and/or other co-factors might be, in vivo, limiting factors for mdm2 expression. In support to the idea, our data also show a similar moderate mdm2 induction in most organs, in lymphoid organs as well as in the liver in which p53 induction was shown to be hardly detectable. Furthermore, it is surprising to note, that in contrast to what was reported in cell lines exposed to UV radiation (Wu and Levine 1997) , the weak mdm2 expression we observed, in vivo, cannot be explained by a delay of its induction. In our study indeed, mdm2 up-regulation appears 3 h following girradiation, and its expression already decreases after 6 h. It is then likely, that following ionising radiation, the negative regulatory function of Mdm2 on the cellular levels of the p53 protein, would be controlled at the post-transcriptional level. In agreement with this, phosphorylation of one or both proteins has been shown to inhibit the formation of the p53/Mdm2 complex and so to promote p53 stabilization (Lakin et al., 1999; Mayo et al., 1997; Shieh et al., 1997) . Even though bax is strongly induced in irradiated spleen and thymus, the waf1 mRNA induction is always much stronger. This ®nding might re¯ect a dierent anity of p53 for the responsive sites of these two genes, as already observed in vitro (Friedlander et al., 1996) . In the lung, however, bax transcriptional up-regulation is higher than the waf1 counterpart, implying the involvement of other cell speci®c regulatory mechanisms. The bax transcripts are also up-regulated, although to a lesser extend, in kidney, heart and liver, organs that do not undergo apoptosis following irradiation. The mere transcriptional induction of the bax gene is then not sucient for inducing apoptosis. Several other regulatory mechanisms have been suggested: ®rst, some reports argue for the importance of the Bax/Bcl-2 ratio (Kitada et al., 1996; Krajewski et al., 1994; Oltvai et al., 1993) . Furthermore, apoptosis induction by Bax might require its activation by conformational changes, via binding with other members of the Bcl-2 family such as Bid (Desagher et al., 1999) and/or its translocation from the cytosol to the membrane (Hsu et al., 1997) .
A strong up-regulation of the fas transcripts appears mostly restricted to the spleen that undergo massive apoptosis following radiation. In this organ, the involvement of Fas receptor in the p53-dependent apoptosis after exposure to g-rays has recently been demonstrated (Reap et al., 1997) . By contrast, only a weak fas mRNA induction is detected in the thymus in which the involvement of Fas receptor in the p53-dependent apoptosis is not demonstrated (Reinke and Lozano 1997) .
In the liver that does not undergo apoptosis following radiation, fas mRNA level is not upregulated following this stress. Interestingly, in hepatocyte lines, the Fas receptor was demonstrated to be involved in p53-dependent apoptosis after treatment with genotoxic drugs (Muller et al., 1997 (Muller et al., , 1998 . In an other cell type, a leukemia cell line, fas was shown to be up-regulated in a p53 dependent manner, and induced apoptosis following exposure to g-rays. In contrast, following treatment with Ara-C a chemotherapeuthic drug, fas was not up-regulated in these cells while bax gene was induced after both treatments (Kobayashi et al., 1998) . This data reporting, in vitro, a discrepancy between fas and bax p53-dependent regulation, is supported by our in vivo results, showing that up-regulation of fas and bax are not superimposable. This concept is also supported by the dierential induction of the two promoters by p53 discriminatory mutants (Munsch et al., in press ). It would be important to see if, in vivo, such selective transactivation of p53-target genes, would be found, depending on the stimulus and on the cell type.
Our data point out considerable variations in the induction rate of the waf1 transcripts from an irradiated organ to another. However, when looking at the in situ expression of the p21 protein in dierent tissues, no direct correlation can be made between the rate of mRNA up-regulation and the number of cells expressing the protein. These ®ndings might re¯ect post-transcriptional levels of regulation for p21 in these organs, as previously reported in cultured cell lines upon other stimuli (Akashi et al., 1999; Macleod et al., 1995) . Another explanation for the discrepancy between mRNA induction and protein expression of p21, might be the level of expression of p53 itself, in particular sets of cells. Strikingly, the localization of p21 we observed in these organs, following irradiation, seems indeed, in perfect correlation with the previously described localization of stabilized p53 protein under the same conditions (MacCallum et al., 1996) . The strict level of p53 protein expression might be one determining factor for the induction of the waf1 gene.
Tissue and cell-specific expression of the p53-target genes V Bouvard et al Arguments for two main ideas are provided by the in situ pattern of expression of the Bax and p21 proteins in spleen and thymus: ®rst, in the two irradiated lymphoid organs in which p53 is strongly expressed in most cells, a selective transcriptional activation might take place. In agreement with this ®rst idea, the ATM protein, encoded by the gene responsible for the human genetic disorder ataxia telangiectasia, has been shown to selectively regulates distinct p53-dependent cell cycle checkpoint and apoptotic pathways in thymocytes from irradiated mice (Barlow et al., 1997) . Following DNA double strand breaks, the ATM kinase phosphorylates p53 at serine 15 leading to its stabilisation (Nakagawa et al., 1999) . Such phosphorylation might stimulate further post-translational modi®cations on p53, leading to conformational changes that might account for selective recognition of particular responsive site or selective interactions with other transcription factors. In addition, since ionising radiation not only induce DNA double strand breaks, but also other DNA alterations, they might potentially activate other kinases whose activities would result in dierent p53 conformational changes. Another hypothesis, might be that, depending on the cell, its cell cycle status or its dierentiation, the same stimulus might not necessarily induce the same set of kinases or protein modifying enzymes. Clearly, several mechanisms of regulation might potentially be involved, in vivo, in the dierential induction of p53 target genes.
The second main idea, is that the selective expression of Bax and p21 proteins, might directly in¯uence the cellular response to g-irradiation, via apoptosis promotion or inhibition, respectively. Although it was demonstrated that apoptosis could be induced by ionising irradiation in the thymus from bax-knock-out mice (Knudson et al., 1995) , our results showing high activation of bax mRNA in the lymphoid organs and, in their cells, a correlation between Bax protein expression and apoptotic morphology, strongly argue for a role of this protein in promoting this process. By contrast, the strong expression of p21 protein in cells, appears in our study to correlate with absence of apoptosis. As cell cycle inhibitor, p21 is involved in p53-mediated G1 arrest through binding to and inactivating the cyclin-dependent kinases (cdks) (Waldman et al., 1995) . Moreover, direct connections between p21 and negative regulation of apoptosis have been recently demonstrated (Gervais et al., 1998; Suzuki et al., 1999; Zhang et al., 1999) . For instance, p21 is able to suppress Fas-mediated apoptosis by binding to procaspase 3, inhibiting by this way its cleavage leading to an active caspase 3 (Suzuki et al., 1999) .
In conclusion, our in vivo analysis provides further insight into the complex regulatory mechanisms that could be involved in selective transcriptional activation of genes by p53, and suggests at least in lymphoid organs, a direct correlation between selective p53-target gene expression and a dierential response of a cell to ionising radiation.
Materials and methods

Mouse strains
The p53 wild-type (+/+) and p53 null (7/7) mice studied, were progeny of p53 heterozygote animals inter-cross. The initial heterozygote mice of mixed C57BI/6 and 129/Sv genetic backgrounds (carrying one wild-type p53 allele and one null allele) were kindly provided by Lawrence A Donehower (Donehower et al., 1992) . The genotype of the progeny was determined by PCR ampli®cation of genomic DNA extracted from tail biopsies to distinguish between the wild-type and knock-out copies of p53. A mixture of the two following sets of primers were used, including two primers from exon 5 of wt p53 (5'-CCT CAA TAA GCT ATT CTG-3' and 5'-ATA CAA ATT TCC TTC CAC-3') and two from the neomycin gene (5'-AGG CTA TTC GGC TAT GAC TG-3' and 5'-GGA CAG GTC GGT CTT GAC A-3').
Irradiation of mice
Eight week-old mice were given whole-body g-irradiation (5 Gy) from a 60 Cobalt source at a dose rate of 0.75 Gy per min. The animals were sacri®ced 0, 3 or 6 h post-irradiation and their tissues were analysed for mRNA or protein expression.
RNA extraction and Northern blot analysis
20 mg of total mRNA extracted from homogenized mice tissues, using the RNA-plus method (Bioprobe), were electrophoretically separated through a 1% agarose/ 16MOPS/6% formaldehyde gel. The RNAs were then transferred and UV cross-linked to nylon membranes Hybond-N (Amersham). Blots were prehybridized at 428C for 24 h in the following mixture: 50 mM Tris pH 7.5, 1 M NaCl, 0.1% sodium pyrophosphate, 50% deionized formamide, 10% dextran sulfate, 1% SDS and 106Denhart solution, hybridised at 428C for 18 h with 3610 7 c.p.m. randomly primed 32 P-labeled DNA probes (Boerhinger Mannheim, Random-Primed DNA labelling kit). Blots were stringently washed, twice in 26SSC/0.1% SDS at room temperature for 5 min, once in 0.26SSC/0.1% SDS at room temperature for 10 min then twice in the same buer at 428C for 15 min and ®nally in 0.16SSC/0.1% SDS at 608C for 15 min. Each blot was sequentially probed using the following cDNAs: bax a total cDNA obtained by EcoR1 restriction of the pCD2HAbaxa plasmid, a generous gift of Hugh Brady (Brady et al., 1996) ; the mdm2 3' half cDNA obtained by Sac1 restriction of the pgemmusmdm2, a generous gift of Moshe Oren; the mouse fas/apo1 total cDNA obtained by BamH1/EcoR1 restriction of the pVL1393BmuAPO plasmid kindly provided by S Nagata (Watanabe-Fukunaga et al., 1992) and the mouse waf-1 cDNA nucleotide 10 ± 449 obtained by RT ± PCR from M1 mouse leukemia cell line total mRNA. The total GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNA was used as internal mRNA control. Levels of mRNA expression were measured by phosphoimager (Bio-Rad GS-250 Molecular Imager).
Immunohistochemistry
Mouse's organs were ®xed in (2% formaldehyde, 5% acetic acid, 75% ethanol) for 1 h per mm 3 of organ before embedding into wax. Two mm tissue sections were dewaxed and immunostained for Bax and p21/Waf1 protein expression using rabbit polyclonal anti-Bax antibody (Santa Cruz sc-526) at the dilution 1 : 1000 and goat polyclonal anti-p21 antibody (Santa-Cruz sc-397G) at the dilution 1 : 200, respectively. The reaction was performed as follows: dewaxed sections were placed in contact with 3% hydrogen peroxide for 5 min to inactivate endogenous peroxidase and extensively washed with distilled water. Slides were then immersed in 10 mM citrate buer pH 6.1 and heated for 5 min in a domestic microwave oven, power set at 650 W, then for 15 min at 160 W. Slides were incubated overnight at room temperature with the primary antibody diluted in PBS containing 1% BSA, washed with PBS, incubated for 45 min with the secondary biotinylated antibody (biotinylated antirabbit IgG or biotinylated anti-goat IgG, Vector). The staining was ampli®ed using the Vectastain ABC Standard Elite Kit (Vector) according to the manufacturer's recommendations and revealed using Diaminobenzidin (SIGMA FAST TM DAB Tablet set) as peroxidase substrate. After immunostaining sections were washed with water, lightly conterstained with Meyer's haematoxylin, dehydrated and mounted. Negative controls were performed using normal serum instead of primary antibody.
